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FLUIDINJECTCONON TEECOMPRESSIBLE
TURBULENTBOUNDARYIAYER- THEEETECTONSHN
FRICTIONOFAIRINJECTEDINTOTHEBOUNDARY
LAYEROFA CONEAT M = 2.7
By ThorvalTendelandandArthurF. Okuno
suMMARY
Dataarepresentedfromwhichtheeffectsoftranspirationairflow
onaverageskin-frictioncoefficientsandpressuredragofa conical.model
wereevaluated.Themodelconsistedofa truncatedporousconewitha
solidogivalnosesection.Thetestswereconductedat a wind-tunnelMach
numberof 2.71anda free-streamReynoldsnumberraugeof 6.25fio6to
8.56x10=perfoot. Theresultsof thetestsindicated:(1)Witha tur-
bulentboundarylayer,transpirationairflowresultsina reductionof
averageskin-frictioncoefficientwhichis inagreementwiththepredic-
tionsofNACATN 3341andthedataofNACAI/MisA55119andA5~3.
(2)Theuseof transpirationairhasa destabilizinginfluenceon the
lsminarboundarylayer,tendingto causetransitionto turbulentflow.
(3)NO appreciableincrease~ thepresswedragof themodelcouldbe
foundwithtranspirationairflow.
INTRODUCTION
Onemethodof coolingtheskinofa supersonicaircraft,whichshows
considerablepromise,is transpirationcooling.Ina transpirationcooling
system,thecoolantisforcedthroughtheporousskinandout into the
boundA~layer.Coolingof theaircraftsurfaceoccursas thecoolant
passesthroughtheporesof theskinandtheformationofa protective
layerof coolantoverthesurfacetendstodecreasetheheat-transfer
ratesto theskin.
References1 and2 predictreductionsinheattransferandskin
frictionwithtranspirationairflow. Forlaminarflow,thepredictions
of heattransferandskinfriction(ref.3)withtranspirationairflow
arefairlyaccuratebecausethemechanismsoftheboundarylayerare
understood.Thetheoryforturbulentflow,however,isnotas reliable
2 NACARMA56D05
.—
becauseofthemanyuncertaintiesinherentintheanalysis.Therefore,
thereisa definiteneedforskin-frictionandheat-transferdatafor
turbulentflowinorderto substantiatehetheoreticalpredictionsand
establishrelationshipsforthedesignoftranspirationcoolingsystems. ‘“r .-
Datashowingtheeffectsof transpirationairflowonheattransfer
forturbulentflowhavebeenreportedin reference4 andthelimited{kin--‘-
frictiondataavailableforturbulentflowareanalyzedinreference5.
ConsiderableefforthasbeenmadeatAmesAeronauticalLaboratoryto
obtainskin-frictiondatawithtrsmspiraticgairflowby themomentum-loss
methodfromimpact-pressuresurveysoftheboundarylayerbutthismethod
hasinherentinaccuracies. —
Therefore,thepresentestsweremadetodeterminetheeffectsof
transpirationairflowon skinfrictionby meansofmeasurementsofdiag
forces,surfacepressures,andbasepressufi~s.Themodelwasa truncated -
porousconewitha solidogivalnose. Thetestswereconductedata --
nominaltunnelWch numberof 2.71andovera Reynoldsnumberrangeof ‘“”
6.25x106-b 8.56x3.0ep rfoot. Turbulentflowwasobtainedbyuseofa
boundary-l~ertriponthemodel. .—
SYMBOLS
.-
C-F
C!f
DF
F
s
P
P
u
averageskin-frictioncoefficient,dtiensionless
localskin-frictioncoefficient,dimensionless
skin-frictiondrag,lb .-
RFwdimensionlessmass-flowratenormalto surface,—P#l
dynamicpressure,lb/sqft
Reynoldsnumber,dimensionless
Reynoldsnumberbasedonmodel
thesurface,dimensionless
surfacearea,sqft
staticpressure,lb/sqft
densityofair,lb/cuft
velocitycomponentparallelto
lengthandaveragevelocityover
surface,ft/sec
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u
v
x
o
Ti
co
1
velocitycomponentnorm.1.to surface,ft/sec
coordinatealongmodelcenterlinemeasuredfromthetip,in.
Subscripts
zeroinjectioncondition
conditionat surface
undisturbedfree-streamcondition
outeredgeofbounthrylayer
DESCRIPTIONFEQUIPMENT
ThetestswereconductedintheAmes6-inch eat-transferwind
tunnel.A descriptionfthewindtunnelis giveninreference6. The
windtunnel_pressurel velmaybe variedto obtaindataovera rangein
Reynoldsnumberat a nominalMachnumberof2.71.
A Cl&gramnaticsketchof themodelas installedfortestingis shown
infigure1. Themodelconsistedofa truncatedporousconetowhichwas
attachedan ogivalshapednosetitha fineness ratioof2.43. Theogival
shapednosesectionwasusedinorderto reducethemodellengthandthus
topermittestingwithoutinterferencefromthenoseshockwaveafterit
wasreflectedfromthetunnelwalls.
Theporousconesectionwasobtainedco?mnercially.Thissectionwas
hollowandwasfabricatedfrom- layersoffinecopperwirewrapyedin
a suitablepattern.Theselayerswerebondedtogetherby meansofa sin-
teringprocess.Theporoussectionwasnota perfectlystraightconical.
sectionbuthada smsllsurfacecurvaturewhichcausedtheconeangleto
varynearthesmalldiameterofthesection.T%3snonsymnetryofthe
coneangleextendedovera lengthofapproximately2 inches.Thetotal.
includedangleof theporoussectionwasapproximately10°.
As showninfigure1, themodelwassuyportedby meansofa strain-
gagebalanceassenibly.Thestrain-gagebalancewasusedtomeasuredrag
forces.Thestrain-gageassemblyandotherequipmentwereenclosedby
thesuyportfairingat thebaseofthemodel.Thisfairingcouldbe
adjustedaxiallytopermitahygapdesiredbetweenthefairingandthe
baseofthemodel.Enclosedwithinthefairingandnearthebaseofthe
modelwasa tubeformeasuringbasepressures.Dryinjectionairentered
4 -ID~TZ&b
themodelby meansofa spiralwoundflexible
connection,thethrustfromthetranspiration
forcemeasurements;also,anyrestraintsfrom
transpirationairintothemodelcouldnotbe
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connection.Withthisspiral
airdidnotaffectthedrag
thetubingusedtobringthe-’” i
detectedwiththestrain-
gage&.lance.Thetranspirationairentered.1.themod latapproximately
roomtemperatureandwascontrolledbymeansofa suitablevalve.Floti
—
ratesweremeasuredwithrotsmeters.
-.
Twelvepressuretapswereinstalled.tomeasurepressuresalongthe
surface of themodel.Threeofthetapswerelocatedonthenosesection
andtheothernineontheporous section.TWOofthepressuretapsonthe ‘- ‘-
nosesectionwereinstalledoppositefromoneanotherandthusenabledthe
adjustmentofthemodelto zeroangleofattack.Inorderto obtaintur-
bulentflowoverthemodel,a boundary-layertripwasused. Thetripcon-- .—
sistedofa 3/16-inch-widestripof 5/0garnetpaperandwaslocated9/32
—
inchfronthetip. Fourstatic-pressuretaps,s~acedal-ongthetunnel
sidewall,were;sedinconjunctionwiththestagnation
evaluatethefree-stresmMachnumber.
Thefirstportionof
forcesandbasepressures
TEST’PROCEDURE
thetestprogramconsistedof
forvarioustunnelconditions
pressureto
measuringdrag
andforvarious
transpirationair-flowrates.Thestraingageusedtomeasuredragforces
—
—
wascalibratedbeforethemodelwasplacedinthetunnel. .—A checkofthe
calibrationwasmadebefor’eoraftereachtunnelrun. Datawereobtained .
bothwithandwithouta boundary-layertrip.
u-poDcompletionofthedrag-forcem asurementsthesurface-Wess~e _. “
tapswereconnectedto a dibutylphthylatemanometerandsurfacepressures
weremeasuredforthesametunnelconditionsandthesametransPfratfon . .
air-flowratesaswereusedinthedrag-forcetests.Duringalltests,
steady-stateconditionsoftemperatureandpressurewereobtainedbefore
takinganydata.
Pressuredrag
whichactedonthe
areaof themodel.
theairstreamwas
REDUCTIONOFDATA
DragData
wasevaluatedas theproductoftheaveragepressure —
modelinthedirectionoftheairstreamandthefrontal.
—
Thea’veragepressurewhichactedinthedirectionof d
obtainedby plottingmeasuredsurfacepressuresversus
frontal area. Ws plotwasthenintegratedto determineanaverage
pressure.To obtaina continuouscurveof surfacepressuresalongthe .
-.
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model,thevalue
in reference7.
5
at thetipwasdeterminedfromconical-shockvaluesgiven
Thesurfacepressuremeasurementearesthebaseofthe
x
modelwasnotused. This~ressuremeasurementwasbelievedtobe &ccu-
rateduetoa slightrecessofthepressuretapwithrespectathesurface
of themodel.
Thescatterordifferenceswhenpressuredragwasmeasuredfromtwo
ormeresetsofdatawereapproximatelyfi/2of1 percent.It isbelieved
thatthisdifferenceisrepresentativeoftheerrorinmeasuringand
reducingthedatain orderto obtainanaveragevalueofpressurewith
respecto thefrontalareaofthemodel.
Base-pressuredragwasdeterminedas theproductofthebasepressure
andthebaseareaofthemodel.Dragforceswereevaluatedfromthe
measurementsobtainedwiththestrain-gagebalance.Withregardtothe
strain-gagemeasurements,a zero shiftinthestrain-gagecalibrationwas
encountered.To adjustforthiszeroshift,gagezerosweretakenat the
beginningS@ at theendofeachrunandsti adjustmentsweremadeto
thestrain-gagem asurements.
AverageSkin-FrictionCoefficients
Theskin-frictiondragofthemodelwasdeterminedlysubtracting
thepressuredragfromthesumofthebase-pressuredragandtheforce
. dragmeasurements.Sinceonlytheskin-frictiondragof theporoussec-
tionisof interest,thisdragwasdeterminedby subtractingthecalcu-
latedskin-frictiondragoftheogivalnosesectionfromthetotal.skin-
. frictiondragofthemodel..Averageskin-frictioncoefficientforthe
poroussectionwasevaluatedby themethoddescribed
ExperimentalError
Theexperimentalerrorinevaluatinganaverage
ficientisbelievedtobe duemainlytotheerrorin
averagesurfacepressureandalsotheerrorinforce
resultof thezeroshiftin strain-gagecalibration.
intheappendix.
skin-frictioncoef-
determiningan
measurementas a
A smalluncertainty
ofapproximately&l.percentalsoe~s~swithregardto calculatingthe -
skin-frictiondragofthesolidnosesection.As pointedoutpreviously,
theuncertaintyindeterminingan averagesurfacepressurewasapproximately
+1/2of1 percent.However,sincethepressuredragwasapproximately10
k timestheskin-frictiondrag,thiserrorresultsinanuncertaintyof
approximately*5percentindeternfhingan averageskin-frictioncoeffi-
cient.Thezeroshiftsinthestrain-gagecalibrationcausedan
l
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d
uncertaintyintheforcemeasurementsof*2percent.Therefore,since
theerrorsasmentionedareadditive,thetotalestimatedexperimental
uncertaintyindeterminingaverageskb-frictioncoefficientsi i_
*8percent.
Thedragoftheboundary-layertripisbelievedtobe of smallermag-
—
nitudethantheaccuracyofthedragforcemeasurements.Thebasisfor
thisconclusionwasthattwotripsofdifferentthicknessesweretriedand
—
no dragassociatedwiththetripscouldbe detected.Thetripthicknesses
usedwere0.007and0.009inchandwereobtainedby using5/0garnetpaper
withdifferentbackingthicknesses. <
DISCUSSIONOFRESULTS
PressureDistribution
Typicalvalues.ot surface-pressure-ratiodistributionalongthemodel
areshowninfigure2 foroneReynoldsnunibez’andbothwithandwithout
transpirationairflow. Thesurface-pressureratiosonthesolidogival
nosewerethesamewithorwithoutranspirationairflow. It canbe seen
fromfigure2 thattheeffectoftrsmspiratiunairflowonthepressure-
ratiodistributionisto increasethepressurerationearthebeginning
oftheporoussection(valuesof x from2-1/2to 4-1/2inches),while
nearthebaseofthemodelthereisa slightdecreaseinthemeasured
pressureratio.Thisincreaseinsurfacepressureiscanceledbya
decreasewhichfollowswhenanaveragepressureisdeterminedwithrespect
tothefrontalareaofthemodel.Thereason.thesmallerpressurediffer-
encecancelsthelargerpressuredifferenceisthatan averagepressure
isdeterminedby integratingmeasuredsurface’yressureswithresyecti
frontal.area,andthefrontalareaperunitlengthisgreaternearthe
baseofthemodelthannearthenose. Therefore,withintheexperimental
accuracyofthetestsno differenceinpressur&dragwasfoundwiththe
useoftranspirationair.
—
—
—
.+
—
a
.-
.=
.
BasePressureDzag
Thebasepressuresmeasuredinthesetestsdonotconformto those
fora bodysimplysupportedby a rodora smallsting.Inthesetestsa
fairingwasused at thebaseofthemodeltoenclosethestrain-gage
—
balanceandotheraccessoryequipment.Thisf&irfngmatchedthecontour
of theconesectionandwasadjustedsothatthegapbetweenthefairing
andthebaseofthemodelwasapproximately0.010 inchto0.015inch. z
Thepressuresasmeasuredat th~-baseofthemodelwere
gapwidthandthereforetheyarenotindicativeofwhat
ona bodywitha bluntunshieldedbase.
sensitivetothis
couldbe expected c
IiM!ARMA56D05 7
AverageSkin-FrictionCoefficients
Experimentalvaluesofaverageskin-frictioncoefficientsforthe
poroussectionofthemodelareshowninfigure3. Thesevalueswere
obtainedwithno trsmspirationairflow. Forcomparison,theoretical
vsluesofaverageskin-frictioncoefficientsfortbeporoussectionare
alsoshown.Thesevalueswerecalculatedby themethodgiveninthe
appendix.Theqerimentalskin-frictioncoefficientsaresomewhathigher
thanthecalculatedvalues.Thisisprobablydueto thefactthatthe
surfaceof theporoussectionwasnotsmoothbuthada surfaceirregularity
or roughnessas a resultofthemethodusedto fabricatetheporousmate-
rial. Theeffectof surfaceroughnesson skin-frictioncoefficientis
believedtobe shdlarto thatreportedinreference8. Theeffectof
Reynoldsnumberontheexperimentalskin-frictioncoefficientsi notappar-
entbecauseofthesmall.Reynoldsnumberrangeoverwhichthedatawere
obtained.
EffectsofTranspirationAir
Theeffectof transpirationairflowonturbulentskin-friction
coefficientsareshowninfigure4. In thisfiguretheratioof @/@.
versusF is shownforseveralfree-stresmReynoldsnwbers. These
valuesarefortheporoussectionofthemodel.Thesolid-linecurvesin
. figure4 werefairedthroughthedatato indicatethetrendof thedata.
. An inspectionoffigure4 showsthereductionin skin-frictioncoef-
ficientwithtrsmspirationairflowislarge.Forexsmple,fora value
of F of0.002,a reductionofapproximatelyM percentinaverageskin-
frictioncoefficientoccurs.Whetheranyof thisreductionin skinfric-
tionoccurredbecausethebodywasnotperfectlysmoothisnotknown.The
datainfigure4 shownoparticulareffectofReynoldsnumber.However,
as determinedanalyticallytheeffectofReynoldsnumberfortherangeof
testconditionsis small.
Theeffectoftranspirationairflowwithouta boundary-layertrip
on themodelisshowninfigure5. In thisfigure,valuesof @ versusF
areshownwithouta boundary-layertripon themodel.Forcomparison,
valuesarealsoshownwhena boundary-layertripwasusedto obtainturbu-
lentflow.Withnoboundary-la~rtripandata lowReynoldsnumber,the
increasein skinfrictionat thelowratesof transpirationairflowis
veryapparent.Thisincreasewasprobablydueto thetransitionpointof
. theboundarylayermovingupstreamwiththeuseoftranspirationairand
therebycausingthefloweve>a greaterportionoftheconesurfacetobe
turbulent. Witha furtherincreaseinthetranspirationair-flowrate,a
l decreaseintheturbulentskin-frictioncoefficientresults.Shadowgraph
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picturesofthemodelshowedthattremsitionmovedupstreamwithan
increaseintranspirationair-flowrates.I:is interestingtonotethat
theskin-frictioncuefficfentobtainedat thesameReynoldsnumberand
bothwithandwfthouta boundary-layertripareapproximatelyequalat the
highertranspirationair-flowrates.Thistidicatesthattheeffectof
thestartofturbulentflownearthemodeltipas comparedto thebegin-
ningoftheporoussectionwassmall.Thiseffectwascalculatedand
foundtobe lessthan13percent.A differenceofthismagnitudecould
notbe detectedbecauseof thescatterof thedata. Theagreementofthe
dataobtainedwithandwithouta boundary-layertripsubstantiatesthe
conclusionthatthedragofthetripwaswithintheaccuracyofthetests.
.—
Infigure5,theskin-frictioncoefficientsata Reynoldsnumberper
footof4.2&10earehigherthantheskin-frictioncoefficientsat a
Reynoldsnumberperfootof6.25XI-06forvaluesof F above0.0008.Com-
.—
putatio~sfromthetheoryof reference1 indicatethatthedifferencein
skin-frictioncoefficientsi a Reynoldsnumbereffectwhichincreases
withincreasingtranspirationairflow.
ComparisonWithTheory
Inorderto obtaina comparisonofthemeasuredreductionsinskin-
frictioncoefficientswiththeoreticalpredictions,thedataobtainedin
thisexperimentare-comparedinfigure6 totheoreticalcurvescalculated
by themethodsgiveninreferences1 and2. Inthisfigurevaluesof
CF/CFoareplottedversus2F/Co.
r
Foranadditionalcomparison,four
datapoints,twofromreferenceandtwofromreference5,arealsoshown
infigure6. Thetwodatapointsfromreference4 areaveragevaluesof
a numberofdatapointswhichwereobtainedby meansofheat-transfer
measurementsona flatplate.Thesedatawereconvertedto equivalent
localskin-frictionvaluesby themethodgiveninreference1. Thedata
fromreference5 wereobtainedfroma flatplateby calculatingthemomen-
tumthicknessfromimpactqxressuresurveysinthebounda~layerat several
stationsalongtheplate.Localskin-frictioncoefficientwasdetermined
fromthedifferenceb tweenthelocalmomentum-thicknessgradientandlocal
injectionparameter. .
An inspectionoffigure6 showsthatthereductionsinaverageskin-
frictioncoefficientsa determinedfromthesetestsareinreasonable
agreementwiththetheoreticalcurvecalculatedby themethcdgivenin
reference1. Thetheoryofreference2,however,predictsa larger
decreasein skinfrictionwiththeuseoftranspirationairthanwasfound
inthesetests.A comparisonofthedatainthesetestswiththatobtained
fromreferences4 and5 is goodconsideringthefactthatthedatawere
obtainedfromthreedifferentmodelsandbytiansofthreedifferent
experimental.techniques.
.
.
3%’
.
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Infigure6 theskin-frictioncoefficientsforthetheoretical.curves
andthedatafromreferences4 and5 arelocalvaluesfora flatplate.
Thesevsluesarecomparedto theaverageskin-frictioncoefficients
obtainedfroma conicslsurfaceinthesetests.Thiscomparisonispos”-
siblebecausetherelationshipbetweenthelocal.valuesfor Cf/Cfoand
2F/cfofora flatplateisthessmeas therelationshipbetweentheaver-
agevaluesfor @/@. and2F/@o;slso,therelationshipbetweenaverage
valuesfor ~/~. and2F/~o fora coneanda flatplateisthesame.
As mentionedpreviously,it isnotknownwhattheeffectof surface
roughnesswason thereductioninskin-frictioncoefficientwithtranspira-
tionairflow.However,theagreementof thedatainthesetestswith
thoseobtainedfromreferences4 and5 certainlyindicatesthatsurface
roughnessdidnothavea majoreffecton thereductionin skin-friction
coefficientwithtranspirationairflow.
As showninreference1, transpirationairinjectionwithturbulent
flowresultsinpracticallythesamereductioninbothStantonumberand
skin-frictioncoefficient.Therefore,reductionsinheat-transfercoef-
ficientscomparableto thereductionsin skin-frictioncoefficientsshown
infigures4 and5 wouldbe expectedto resultfrQmtheuseof transpira-
tionairflow.
CONCLUSIONS
Wind-tunneltestswereconductedto determinetheeffectsof transpi-
rationairflowon theskin-frictiona dpressuredragofa conicslmodel.
Datawereobtainedat a nominaltunnelMachnumberof2.71andfree-stream
Reynoldsnumbersof 6.25XI_06to 8.56KL06perfoot. Thepertinentresults
maybe summarizedas follows:
1. Transpirationairflowresultsina reductionofaverageskin-
frictioncoefficientforturbulentflowwhichisinagreementwiththe
predictionsofNACA‘IN3341andthedataof~ts A5511.9andA55L.13.
2. The use of transpirationairhasa destabilizinginfluenceon the
laminarboundarylsyer,tendingto causetransitionto turbulentflow.
3* No appreciableincreasein thepressuredragof themodelcould
be foundovertherangeof transpirationair-flowratesusedinthetest.
.
AmesAeronauticalLaborato~
NationalAdvisoryCommitteeforAeronautics
MoffettField,Calif.,Apr.5,3.956
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APPENDIX
k
.
Theskin-frictiondragofthenosesectionwasevaluatedby calcula-
tionoflocalskin-frictioncoefficientsforvarioustationsalongthe
nosesection.andintegrationftheselocalvalueswithrespectothe
surfaceareainorderto obtainaverageskiq:frictioncoefficients.The
dragofthenosesectionwasthenevaluatedPJmeansoftheequation
*DF
‘q” :
- .. --
—
where qls wastakenas theaveragevalueoverthenose.Localskin-
frictioncoefficientswereevaluatedasfollows:
.-
1. Lsminarflowwasassumedto existup to the boundary-lsyertrip,
andwithno trip,laminarflowwasassumedto existovertheentireno6_e .
—
section.-Thisassumptionwassubstantiatedbymeansof shadowgraphi~-
tures.Localltinarskin-frictioncoefficientswerecalculatedby means
of thecorrelationf reference.9,whichis-thatlocalskin-frictioncoef-
ficientsforconesat zeroangleofattackareequaltothe fi timesthe
correspondingcoefficientsforflatplatesMder identicallocalfree-
streemconditions;Localflat-plateskin-frictioncoefficientsweredeter-
—
minedby mesmsoftheresultsgiveninreference10.
.—
2. Beyondtheboundarg-layertrip,theturbulentskin-friction._
coefficientswerecalculatedusingtherulegiveninreference11. This
ruleisthatthelocalheattransferfora coneistheseineas fora flat
.-.:
plateat onehalfthelocalReynoldsnumberon thecone,theMachnumber
andwall-to-free-streamt mperaturemainingthesame.Sinceheat
transferandskinfrictionare_proportionalJthisrulealsoappliesto
10CSLskin-frictioncoefficientsforcones.LOCSJ.flat-plateskin-friction
coefficientsforturbulentflowwerecalculatedby the Tt methodgiven
inreference12.
To celculatethelocalskin-frictioncoefficientsitwasnecessary
toresorttoan estimateoftheeffectivestartofturbulentflowinorder
to determinethelocalReyaoldsnumber.HoweVer,theeffectofthisesti-
mateontheskin-frictiondragof thenosesectionandthesubsequentskin-
frictiondragof theporoussectionis indicatedasfollows:Theskin:
frictiondragofthenosesectionwasapproximately15percentof theskin- “
frictiondragof theporoussection.Therefore,anerrorof10percent
intheskin-frictiondragofthenosesectiuwouldresultinanerror.of
—.
*
lessthan2 percentintheskin-frictiondragof theporoussection.
—
For
comparison,calculationsof skin-frictiondragforthenosesectionwere
madeontheassumptionthatthestartof turbulentflowbeganat thetip
—;b—
ofthemodelandalsothatturbulentflowstartedhslfwaybetweenthetip
--ToNFIDmmmFL
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andtheboundary-layertrip. Thecalculatedvaluesagreedwithin
5 percent.Therefore,sincethelocationofthestartofturbulentflow
i didnotappreciablyaffecttheskin-frictiondragof theporoussection,
allof thecalculationsforskin-frictioncoefficientsweremadeon the
assumptionthatturbulentflowbeganatthetipofthemodel.Localcon-
ditionsofflowat theouteredgeoftheboundarylayerandlengthslong
thetestsurfacewereusedto calculatelocalskin-frictioncoefficients.
Themethodusedto calculatetheaverageskin-frictioncoefficientsfor
thenosesectionwasalsousedto calculatetheaverageskin-friction
coefficientsfortheporoussectionwhichareshowninfigure3.
12 Ccmmmmm? NACARMA56D05
.
1.
2.
3.
40
5.
6.
7*
8.
99
10.
REFERENCES
—
Rubesin,MorrisW.: An Analytical.Estimationof theEffectofTranspi-
rationCoolingontheHeat-TramsferandSkin-Frictioncharacteristics
ofa Compressible,TurbulentBoundaryLayer.NACATN 3341,1954.
Dorrance,Wil.liaJIIH.,and’Dore,FrankJ.: TheEffectofMassTransfer
ontheCompressibleTurbulentBoundaryLayerSkinFrictionandHeat
Transfer.Rep.No.221-7-013,ConsolidatedVulteeAircraftCorp.,
SanDiego,Calif.,Aug.5,1954.
Brown,W. Byron,andDonoughe,PatrickL.: TbblesofExactLsminar-
Boundary-LayerSolutionsWhentheWallisPorousandFluidProperties- –
areVariable.NACATN 2479,1951.
Rubesin,MorrisW.,Pappas,ConstantineC.,andOkuno,ArthurF.:
TheEffectofFluidInjectionOntheCompressibleTurbulentBoundary
Layer- PreliminaWTestson TranspirationCoolingofa FlatPlate
atM= 2.7 WithAiras theInjectedGas. NACARMA55119,1955.
Rubesin,MorrisW.: TheInfluenceofSu&faceInjectiononHeatTrans- .-_
ferandSkinFrictionAssociatedWiththeHigh-SpeedTurbulent
BoundaryLayer.NACARMA55U3,1956. ——
Staider,JacksonR.,Rubesin,MorrisW.,andTendeland,Thorval:
A DeterminationftheLsminar-,Transitional.-,andTurbulent- .
Boundary-LayerTemperature-RecoveryFactorsona FlatPlatein
SupersonicFlow. NACATN2077,1950.
.
AmesResearchStaff:Equations,Tables,andChartsforCompressible
Flow. NACARep.1135,1953. —.
—
Czarnecki,K.R.,Robinson,ROSSB.,andHilton)JohnH.,Jr.: ‘
InvestigationfDistributedSurfaceRoughnessona BodyofRevolu-
tionata MachNumberof1.61. NACATN 3230,1954.
Hantzsche,W.,andWendt,H.: TheLaninarBoundaryLayerofa Circular
ConeinSupersonicFlowatZeroAngleofAttack.Jahrbuchder
DeutschenLuftfahrtforschung,1941,p.1,pp.76-77.(Alsoavailable
as: (1)BritishMinistryofSupply,Vol-kenrode,MOS1.15(V487)
(Rep.andTrans.276)Aug.,1946;(2)Univ.ofCal-if.,Eng.Res.
ProjectsTrans.,MaYl, 1947.)
VanDriest,E.R.: InvestigationfLminarBoundaIYLayerinCom- ?–
pressibleFluidsUsingtheCroccoMethod.NACATN 2597,1952.
.
NACARMA56D05 13
11. VanDriest,E. R.: TurbulentBoundaryLayerona Coneina Supersonic
Flowat ZeroAngleofAttack.Jour.Aero.Sci.,vol.19,Jan.1952,
PPo55-57)720
12. Sormner,SimonC.,andShort,BarbaraJ.: Free-FlightMeasurements
ofTurbulent-Boundary-LayerSkinFrictioninthePresenceof Severe
AerodynamicHeatingatMachNumbersFrom2.8to 7.0. NACATN 3391,
1955.
14 HACARMA56D05
.
.
.,
,
SUPPORT
FAIRINGT
4’
ii!in
2.4
2.0
1.6
1.2
.8
.4
R* per foot = 6.25 x 106
oF=O
q F = .0022
t————— pm””: =? ~
o I 2 3 4 5 6 7 8
I)ktancetium tip, x, inches
Figure 2.- &pical pressure distributions,both with ad tithout transpirationair flow.
is
s
, , A-*
* .
CFO
,()-2
I
I
10-3
, .
,.6
—
—
—
—
h I
~ Calculated
— II
R,
Figlm 3.- Ccmparisonof exyrimental SW frictiontith cd-cd-at-dvalues for
porous section;no transpirationair flow.
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Figure 4.- Variationofmtio ofaverageskin-frictioncoefficientwithtranspirationrate.
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(b) Ruj PH foot = 6.94x 106
Figure 4.- Continued.
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(c) R= per foot = 771 x 106
Figure k.- Continued.
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I?igum 4.- concluded.
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Figure5.-Theeffectsofa boundary-layertriponaverageskin-friction
coefficienta varioustranspirationair-flowrates.
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Figure 6.- Comparison of experimentaldata with theoreticalprediction of the effects of
transpirationah? tijection on skin-frictioncoefficients.
